Abstract Lens regeneration in adult newts is possible by transdifferentiation of the pigment epithelial cells (PECs) of the dorsal iris. The same cells in the ventral iris are not capable of such a process. To understand this difference in regenerative competency, we examined gene expression of 373 genes in the intact dorsal and ventral irises as well as in irises during the process of lens regeneration. We found similar signatures of gene expression in dorsal and ventral with several cases of even higher levels in the ventral iris. Such transcriptional activity in the regeneration-incompetent ventral iris was unexpected and calls for a revision of our views about mechanisms of lens regeneration induction.
Introduction
The pigment epithelial cells (PECs) possess a remarkable plasticity and are able to transdifferentiate to retinal or lens cells [1, 2] . This ability is most impressive in adult newts where after lens removal, PECs from the dorsal iris dedifferentiate and then redifferentiate to a different cell type to regenerate the removed lens [3] . Interestingly, PECs from the ventral iris do not participate in lens regeneration. Consequently, it has been thought that induction events, such as re-entry of the cell cycle and transcriptional activation, must take place exclusively in the dorsal iris [4] [5] [6] . Such a process would ensure that only one lens can be regenerated. However, it has been shown that ventral PECs do re-enter the cell cycle, although their rate of re-entry appears to be lower than dorsal PECs. An unresolved issue is whether there are factors expressed specifically in the dorsal iris that regulate lens regeneration. If such factors exist, their function could be studied in the ventral iris in an attempt to induce it to transdifferentiate to a lens, thus possibly opening the way for lens induction in other animals as well. In a previous study we showed that six-3 over-expression as well as BMP pathway inhibition were able to elicit a lens from the ventral iris [6] . But surprisingly these factors were not dorsalspecific. They are expressed in the intact ventral iris and in the ventral iris after lens removal. The same was true for pax-6 expression. Both six-3 and pax-6 are considered to act as eye master genes and it is surprising that they would be active in a developmentally inactive tissue. We reasoned, therefore, that in order for regeneration to occur from the dorsal iris the expression of these genes had to be elevated specifically in the dorsal iris. To determine on a more global level whether differential gene expression is important for lens regeneration from the dorsal iris, we decided to study gene expression using a custom newt microarray containing 373 genes, known to be expressed in regenerating tissues. This set of cDNAs should be able to provide us with concrete information about patterns of gene expression in the newt iris and their correlation to the mechanisms of lens transdifferentiation.
Materials and methods

Microarray analysis
Microarray slides containing quadruplicate spots of 521 cDNA fragments representing 373 regeneration-enriched newt genes were prepared at the Huntsman Cancer Institute Microarray Core Facility at the University of Utah. These cDNAs were isolated from regeneration blastema. Tissues were collected from the intact dorsal and ventral iris as well as from irises at 8 days postlentectomy and were flash frozen in liquid nitrogen. RNA was extracted from these tissues, amplified, and purified using a RiboAmp RNA amplification procedure from Arcturus Engineering. Preparation of the probes, hybridization, and data collection was performed as previously described [7] . Intensity data from low-quality spots were removed and the values of the remaining spots for each cDNA fragment were averaged and log 2 ratios were calculated between the lentectomized and control samples. We observed no significant spatial variation on any of the microarrays and the median intensity value for each array was nearly identical, so no further normalization was performed. Spots with a signal less than 20% greater than the background signal were eliminated from further analysis. The data were analyzed using Spotfire DecisionSite for Functional Genomics (Spotfire Inc.).
In the tables (see Section 3), we have averaged all signals for a given gene (if multiple cDNAs for a given gene were present on the microarray) that appear to have produced a reliable signal. We did not include in these averages results that did not appear to produce reliable signals. We have included the following comparisons: regenerating dorsal vs. normal dorsal (RD:ND); regenerating ventral vs. normal ventral (RV:NV); normal dorsal vs. normal ventral (ND:NV); regenerating ventral vs. regenerating dorsal (RV:RD). We have included all genes that exhibited a differential expression pattern where the average ratio was |x| P 0.7 (log 2 scale) in at least one of the four comparisons (RD:ND, RV:NV, ND:NV, and RV:RD).
QPCR design
For our experiments iCycler iQ Real-Time Detection System and SYBR Green Supermix (#170-8882) from Bio-Rad were used. Also for cDNA synthesis iScript cDNA Synthesis Kit (Bio-Rad#170-8882) was used and RNA for cDNA synthesis meets the following requirements: Purity -A260/A280 = 2; Integrity: It should be two clear bands of rRNA on denaturing agarose gel electrophoresis; gDNA contamination: It should be difference in at least 12 cycles between ''minus'' and ''plus'' controls during QPCR. We compared gene expression between 4 cDNA libraries: intact dorsal (ND), intact ventral (NV), 8th day of regeneration dorsal (RD), 8th day of regeneration ventral (RV). Each experimental point was done in triplicate. The 16 genes that we selected to validate are listed in Table 1 . Since the purpose of this experiment is to validate the microarray patterns, these genes were selected randomly. For normalization an internal control (house-keeping gene rpL27) was used. Data analysis was done with the Pfaffl [8] and Ramakers et al. [9] methods.
Results
Regulation in dorsal or ventral iris
These comparisons were undertaken in order to see differences between the intact irises and irises during lens regeneration. In other words, to examine differences in gene expression in dorsal or ventral irises, due to initiation of the regeneration process.
Comparison between intact normal dorsal iris (ND) with dorsal iris during regeneration (RD).
Several genes that are responsible for tissue remodeling [10] , such as MMP9, galectin, cathepsin, collagenase, TIMP1 seem to be up-regulated during dedifferentiation. This is to be expected, since the process of dedifferentiation is marked by loss of pigmentation and remodeling. Other genes that seem to be up-regulated are several cytoskeletal protein coding genes and H+ transporting ATPase (Table 2 ). Very few genes (mainly those with no known homology) seem to be down-regulated during dedifferentiation (Table 3) .
Comparison between intact normal ventral iris (NV) with ventral iris during regeneration (RV).
Interestingly, during the regeneration process, genes that were found to be upregulated in the dorsal iris were up-regulated in the ventral iris as well, even though the ventral iris does not contribute to regeneration (Table 2) . 
Regulation along the dorsal-ventral axis
These comparisons were undertaken in order to see differences between the regeneration-competent dorsal iris and the regeneration-incompetent ventral iris both before and after lentectomy.
Comparison between ND and NV.
Overall we can see that levels of gene expression along ND and NV vary little with some genes possibly expressed at slightly higher levels in the dorsal iris (i.e. heterogeneous nuclear ribonucleoprotein M and ATP synthase, H+ transporting, mitochondrial F0 complex, subunit f, isoform 2).
Comparison between RD and RV.
A quite surprising picture emerges by comparing the ventral iris (RV) and dorsal iris (RD) during regeneration. Several of these genes appear to be expressed at slightly higher levels in the ventral iris, even though RV does not contribute to lens regeneration. Clearly, MMP9, galectin, cathepsin, and collagenase and are among several genes that are up-regulated in RV (Table 2 ).
Validation by real-time QPCR
We selected 16 genes based on the microarray data for verification of expression by QPCR. QPCR is an independent technique that is commonly used to verify microarray data. We show that all the selected genes were expressed in a similar manner when examined by QPCR. Microarray data indicated that 12 of these 16 genes exhibited differential expression between regenerating and intact tissues at the level of |x| P 0.7 (log 2 scale) as described in the methods (marked red in Tables  2 and 3 ). These were: MMP9, alpha6 tubulin, galectin, cathepsin L, stromal cell-derived factor 2, profilin 2, junb, DD223d (no homology), small EDRK-rich factor, alpha2 actin, MMP3/10a and actin related. All of them, except small EDRK, are in good agreement with the microarray data and clearly verify the upregulation in the ventral iris as well (Fig. 1) . We also selected four other genes, which do not fall into this category and do not show such variation in regulation by microarray analysis. These genes were: cadherin, tubulin alpha2, vimentin and glucosamine (marked blue in Table 2 ). As expected, the QPCR data agree in general with the microarray values (the reader should note that in some cases the values are too small for any difference to be significant). Overall the QPCR data confirmed the main conclusion of the microarray data, i.e., that similar activity exists in the dorsal and in the ventral iris.
Discussion
In this paper we have examined the expression of 373 newt genes in the iris of the adult newt before and after lentectomy. The dorsal iris PECs are responsible for lens regeneration via transdifferentiation, while, interestingly, the ventral counterparts never participate in the process of regeneration [4, 6] . The reason for this difference in PEC response has not yet been elucidated. Understanding the molecular mechanisms underlying this difference in response to lentectomy would provide insights as to why regeneration is not possible from the ventral iris as well as from irises of other animals, including mammals. Given the fact that the ventral iris cells do undergo some regeneration-related activities, such as cell cycle re-entry, it is important to examine genetic activity in these cells. In a previous study we have shown that regulatory genes, such as six-3, BMPs and pax-6, which are involved in induction of lens regeneration, are expressed in the ventral iris as well, indicating that the presence of such regulatory genes alone might not be a sufficient for regeneration. Rather, up-regulation over normal levels might be the key for induction of lens regeneration. These surprising results prompted us to question how widespread this kind of gene regulation might be in the ventral iris. To answer this question, we employed microarray analysis using an available array of 373 newt genes that were known to be enriched for genes expressed in the regeneration blastema [7] . Even though the limited number of cDNAs in the microarray might provide some bias, we did find that several genes are in fact up-regulated in both dorsal and ventral iris during regeneration. What is more striking is that several of these genes are involved in tissue remodeling, such as MMP9, TIMP, collagenase and cathepsin. These factors are known to be regulated in response to injury or amputation of the limb in order to re-organize the extracellular matrix and lead to dedifferentiation. Our data clearly show that the ventral iris undergoes similar events, even though it does not contribute to regeneration. These observations provide a new paradigm in the field of lens regeneration in which the ventral iris is not a passive tissue, as it was thought to be, but undergoes similar events as the regeneration-competent dorsal iris at least as it is judged from the gene expression signatures that we observed. This might suggest different mechanisms for lens regeneration. In one, both dorsal and ventral iris initiate the same events in response to lens removal, but then there is an inhibitor in the ventral iris that prevents the completion of the regenerative process. Alternatively, completion of regeneration might be prevented by the lack of one or more factors required for the final stages of the regenerative process or that up-regulation of gene expression in the ventral iris may be a mechanism of negative regulation in the dorsal iris. Finally, another possibility is that up-regulation over normal gene expression levels is required for the formation of a new lens. Table 3 Genes showing mostly down-regulation Fig. 1 . Examination of 16 genes (marked red and blue in Tables 1 and 2 ; see Section 2 for criteria and text) by QPCR. The same comparisons as in the tables are presented. Note the general patterns of similar regulation in the dorsal and the ventral iris as well. Most of these genes were upregulated during regeneration in both the dorsal and ventral iris. Only actin alpha 2 was down-regulated during regeneration.
We can now start designing experiments to determine which of these mechanisms might be controlling lens regeneration. For example, a comparative study with other animals incapable of lens regeneration, such as axolotl and mice, might provide useful information. Answers to these questions would help explain why higher animals are unable to regenerate their lenses and could lead to new methods for inducing lens regeneration. In a more general sense, given that the adult newt is capable of regenerating its retina through transdifferentiation of the retinal pigment epithelial cells, the results of our studies might also be applicable to retinal regeneration. If so, the study of the mechanisms of lens regeneration in newts could have an impact for the treatment of several diseases that lead to blindness.
